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Abstract

The influenceof initial plantingdensityon the date
of transitionfromjuvenileto maturewoodofloblolly and
slashpine wasestimatedfrom woodspecific gravity of
growth incrementsat breastheight.Resultsshow that
plantingdensitydoesnot significantly affect the ageof
transitionfromjuvenile to maturewood but it doesaf-
fectthediameterof thejuvenilecore.Slashpineplanted
at spacingsof 6 by 6, 8byS, 10 by 10, and15 by 15 feet
in theUpperCoastalPlainof Georgiaproducedjuvenile
wood through 10 rings from the pith and loblolly pine
plantedat spacingsof 6 by 6, 8 by 8, 10 by 10, and 12
by 12 feet in the Piedmontof South Carolinaproduced
juvenilewood through14 rings from the pith. Average
diameterof thejuvenilecoreat breastheightrangedfrom
4.0 inchesin slashpine plantedat 6- by 6-foot spacing
to 6.3 inchesin treesplantedat 15- by 15-footspacing.
In loblolly pine, the averagejuvenile core diameter
rangedfrom 5.2 inchesin treesplantedat 6- by 6-foot
spacingto 7.7 inchesin treesplantedat 12- by 12-foot
spacing.In a separatebut relatedphaseof this study,
we determinedthat the differencein theperiodof juv-
~nility betweenslashandloblolly pine wasnot species-
related,butratherdueto geographiclocation.Plantations
containingbothslashandloblolly pine weresampledat
five locationsfrom theCentralPiedmontin SouthCar-
olina southto the Gulf CoastalPlain in Florida. At all
locationsthe periodof juvenile wood formationwasthe
sameforbothspecies.Thesedataindicatethat thelength
ofjuvenility isrelatedto environmentalfactorsassociated
with geographiclocationratherthanto speciesdifferen-
ces.The length of thejuvenile period of slash and lob-
buy pinein theSoutheastdecreasedgeographicallyfrom
north to south.In loblolly andslashpine, the periodof
juvenile wood formationdecreasedfrom 14 yearsin the
Piedmontto 6 years in the Gulf CoastalPlain.

Background
One-thirdof theSouth’spine timberlandscurrently

consistsof plantations.Wood suppliesarenow coming
andwill increasinglycomefromtheseplantations.Wood
from young, fast-growingplantationshas physical and
mechanicalpropertiesthat makeit less desirablethan
woodfrom older,naturalstandsbecauseplantationtrees
havemorejuvenile wood(3). Juvenilewood has lower
specificgravity andshortertracheidswith thinnerwalls,
largerfibril angles,andlessalphacellulosethanmature
wood (17). Building productscontainingjuvenilewoodare
weaker(2,13,15)andmoreproneto warp,creatingprob-
lems for manufacturersandconsumers(14).

A radial cross-sectionof a pine stemcontainsthree
zonesof wood (Fig. 1): 1) core or crown-formedwood —

wood producedby immaturecambiumin the vigorous
crownwhichhasanatomical,chemical,andphysicalprop-
ertiessubstantiallydifferentfrom maturewood;2) trans-
ition wood—thezonein which woodpropertiesarechang-
ing rapidly beforereachingmaturity;and3)maturewood.
In the spring,radial growth beginsat the apexof the
bole in the vigorouscrown(18,19)resulting in a larger
proportionof thin-walledearlywoodtissuein the upper
bole nearor in the crownthan in the lower bole. The
transitiontothick-walledlatewoodtissueoccursfirst near
the baseof the bole, farthestfrom thesourceof auxins,
and proceedsupwardasmoisture stressincreasesand
translocationof auxinsdown the bole decreases(8,19).
As treesgrowolderandstandsclose,lowerbranchescease
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Figure 1. — Schematic diagram of radial change in wood prop-
erties with age from pith and the pattern of maturation.

to bevigorous,andtheactivecrownregionmovesupthe
stem. Therefore,thereis a core of crown-formedwood
surroundedby a band of transitionwood from thebutt
to the merchantabletopof thetree(12,23).Bothcrown-
formedwood andtransitionwoodarecommonlyreferred
to asjuvenile wood.

Researchershavefoundspecificgravityandtracheid
length ofjuvenilewood to be undermoderateto strong
geneticcontrol(9,11,21,22).Loo andothersalsoreported
that the length of juvenility is genetically inherited.
Geneticinfluenceis implied whenspeciessuch as lob-
lolly (Pinus taedaL.) andslashpine (P. ellioti Engeim.)
are compared.Basedon the literature, loblolly hasa
juvenility periodof 9 to 12 years(13,20)while slashhas
an averagejuvenility periodof 6 to 8 years(8,16,21).

The size of the juvenile core in plantation treesis
relatedtotherateof growthwhich,in turn,is influenced
by initial plantingdensity.Usinggrowthandyield sim-
ulation, Martin (10) showedthat the proportion of bole
wood composedofjuvenile woodis highly influencedby
initial spacing.Be reportsthat treesplantedat 7 by 7
feet,thinnedat age16 and27, andharvestedat age35
will haveapproximatelythe sameaveragediameterat
breastheight as treesplanted at 12 by 12 feet, not
thinned,and harvestedat age 35, but the former will
haveonly 31 percentof their bolesin juvenilewoodcom-
pared to 51 percentfor the unthinned 12 by 12 trees.
Franklin (5) predictedthat timberbuyerswill payless
forsawlogsfrom plantationsthanfrom naturalor direct-
seededstandsbecauseoftheir highjuvenilewoodcontent.

The objectivesof this studyare to: 1) determinethe
effect ofinitial plantingdensitieson theperiodof transi-
tion from juvenile to maturewood andtheproportional
volume of juvenile wood at breastheight; 2) examine
wood formationof plantedslashandloblolly pine grown
underthe sameenvironmentalconditionsto determine
if speciesdifferencesexist;and3) examinehow thelength
of juvenility varieswith geographiclocation.

Annualringscanbeclassedas crown-formed,transi-
tion, or maturewood on the basis of cell structureand
the proportionsof earlywood and latewood tracheids.
Thesefactorsdetermineor correlatewith the average
specific gravity of the ring. In this paper,specific grav-
ity is usedto separatejuvenile andmaturewood.

LOSLOLLY SPACING W
SLASH SPACING 0

LOBLOLLY C SLASH 0
LOBLOLLY S

Figure 2.— Location of plantations sampled for evaluating
the efiect of initial planting density, geographic location, and
specieson juvenile wood formation of loblolly and slash pine.

Procedure
Field

To examinetheeffectof initial plantingdensityon
length ofjuvenility, plantationsfromtwo separatespac-
ing studiesweresampled.A slashpinestudyestablished
in 1952on theBolt WaltonExperimentalForestonthe
UpperCoastalPlainof Georgiain Dooly County(7) and
a loblolly pine studyestablishedin 1957on theCalhoun
ExperimentalForeston thePiedmontof SouthCarolina
in Union County(1,6) serveas the studymaterial. The
slash pine study has a randomizedblock designwith
two replications.Plots with spacingsof 6 by 6, 8 by 8,
10 by 10, and15 by 15 feet weresampled.Two 10-mm
incrementcores were removedat breastheight from
eachof 15 randomly selectedtreesfrom eachplot and
replication. The loblolly pine spacingstudyhasa ran-
domizedblock designwith four replications.Plots with
spacingsof 6 by 6, 8 by 8, 10 by 10, and 12 by 12 feet
weresampled.Two incrementcoreswereremovedfrom
eachof 10 randomlyselectedtreesfrom eachplot and
replication.

In a separatebut relatedphaseof this study,eight
otherplantationsweresampledtoexamine lengthofjuv-
enility associatedwith speciesand geographiclocation.
Five of theseplantations containedboth loblolly and slash
pine eitherinterplanted or planted adjacentto eachother
at locationsextendingfrom the Piedmont of South Caro-
lina to northwest Florida. Plantations sampledin North
Carolina and Virginia contained only loblolly pine but
were sampledto expand the rangeof our sample for ex-
amining the associateddifferencein juvenility with geo-
graphic location in this species.At all locations and for
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eachspecies,two 12-mmincrementcoreswereremovedat
breastheightfrom 30 randomlyselectedtrees.Figure2
showsthelocationof all plantationssampled.Meansand
rangesof physicaldimensionof sampletreesareshown
in Table 1.

Laboratory
In thelaboratory,one incrementcorefrom eachtree

wasseparatedinto 2-year segments,starting from the
pith andending with the 20th ring. The unextracted
specificgravity of each2-yearsegmentwasdetermined
basedon green volume and ovendryweight. Specific’
gravityof the remainderof theincrementcorewasalso
determinedandincludedwith thesegmentsdefinedas
maturewood.Thesecondcorefrom eachtreewasdried,
gluedinto aslottedcore holder,andsurface-sanded.The
width of earlywoodandlatewoodof eachringwasmea-
suredto the nearest0.001 mm with a microscopeand
a digitizing stageat 65x.

Specific gravitiesof the juvenile wood and mature
wood zonesweredeterminedby weightingsegmentspe-
cific gravity andthe specificgravity of rings 21 to bark
in proportionto their incrementalbasalarea.The age
at which transitionfromjuvenileto maturewoodoccur-
redwasestimatedbasedon visualexaminationof plots
of ring specificgravityoverrings from pith. An analysis
of varianceandDuncan’sMultiple-RangeTestwereper-
formedtodeterminewhetherspacingsignificantly affect-

ed specificgravity ofjuvenilewood,maturewood,or the
combinedzonesatthep=0.05percentlevel.An analysis
of varianceandDuncan’sMultiple-RangeTestwerealso
performedto determineif thespecificgravity of loblolly
andslashpinediffer significantly whengrowing at the
samelocation.

The loblolly andslashpinessampledfrom the two
plantationsin Dooly County,Georgia,werecombinedby
speciesasa singlelocation after analysisof the data
showedno significantdifferencein thejuvenility period
or woodspecific gravity.

Results
Graphicplotsof average2-yearspecificgravity data

overringsfrom pith foreachspacingshowthatslashpine
in the Upper Coastal Plain (Fig. 3) producedjuvenile
woodfor thefirst 10 rings forall spacingssaxnpled.Wood
producedin the 2-yearsegmentsafterthe 10thyearhas
maturewoodqualities.The diameterofthejuvenilewood
zonewassignificantly relatedto initial spacingandav-
eraged4.0 inchesin treesspaced6 by 6 feet,4.6 inches
in treesspaced8 by 8 feet, 5.5 inchesin treesspaced10
by 10 feet,and6.3 inchesin treesspaced15 by 15 feet,

Although the point of transitionto maturewoodis
less clear, loblolly pine in the Piedmont(Fig, 4) has a
longerandmoregradualjuvenile transitionperiodup to
andincludingthe 14thring, afterwhich maturewoodis
produced.The diameterof thejuvenilewoodzonein lob-

TABLE 1.— Means and range of sample tree measurementsby study. Location, and species.

Speciesand location

Tree DBH Total height

Spacing Sampled Age Average Range Average Range

South Carolina Piedmont
Loblolly pine

(ft.)

6 by 6
8by8

lObylO
l2by 12

(no.)

40
40
40
40

(yr.) ——----—
Effect of spacing

30 8.0
30 9.0
30 9.7
30 11.3

(in.) — —--—

6.0 to 11.0
6.6t.o12.2
7.Otoll.7
9.Oto 15.6

—-----——— (ft.)

68

71

71

73

55 to 80
66to76
65to80
60to84

GeorgiaCoastal Plain
Slashpine 6by6

8by5
10 by 10
15 by 15

30
30
30
30

38 7.3
35 8.9
36 10.7
35 12.9

5.9to 9.2
6.Itoll.5
8.0 to 13.0

10.6 to 16.3

60
71
74
76

50to65
64to75
68 to 81
68 to 81

South Carolina Piedmont
LabIally pine
Slashpine

8 by 8
8 by 8

30
30

Speciescomparison

27 9.5
27 9.8

7.8 to 11.9
7.6 to 11.7

70
69

66 to 74
60 to 74

SouthCarolina CoastalPlain
Loblolly pine
Slashpine

8 by 8
8by8

30
30

31 10.1
31 10.3

8.5 to 11.7
8.3 to 12.3

69
73

62 to 75
68to78

Georgia Coastal Plain
Loblolly pine
Slash pine

8 by 8
Shy 8

60
55

31 10.6
31 10.1

8.0 to 13.6
8.3 to 13.1

72
71

60 to 80
65to 76

Florida Coastal Plain
LabIally pine
Slash pine

6 by 9
6by9

30
30

24 8.8
24 8.1

7.0 to 11.0
6.8to 11.0

62
62

50 to 75
52 to 72

Virginia Piedmont
LabIally pine 6 by 10 30

Effect of geographic location

7.8 to 12.1 62 54 to 6729 9.7

North Carolina Piedmont
LabIally pine 6 by 10 30 28 9.4 8.1 to 12.5 66 60 to 70

North Carolina Coastal Plain
LabIally pine 6 by 10 30 26 9.8 7.2 to 12.5 65 52 to 72
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Figure 3.— Influence of spacing on wood specific gravity at
breast height of slash pine planted in the Upper Coastal Plain
of Georgia.
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Figure 5. — Influence of spacing on percent latewood at breast
height of slash pine planted in the Upper Coastal Plain of Geor-
gia.
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Figure 4.— Influence of spacing on wood specific gravity at
breast height of loblolly pine planted in the Piedmont of South
Carolina.

IcIly pineaveraged5.2 inchesin treesspaced6 by 6 feet,
6.0inchesin treesspaced8 by 8 feet,6.6 inchesin trees
spaced10 by 10 feet,and7,7 inchesin treesspaced12
by 12 feet.

Spacingdid influence wood specific gravity during
plantationdevelopment.In theearlyyears,beforestand
closure,treesat widerspacingon theaveragehadhigher
woodspecificgravity; afterstandclosure,thereversewas
true. For example,the specific gravity of juvenilewood
producedin thefirst eight rings from pith of slashpine
washighestat wider spacing,but thetrendreversedin
the laterdevelopmentof theplantation(Fig. 3).A simi-
lar, but lesspronounced,trend is found in loblolly pine
(Fig. 4). A possibleexplanationfor thesetrends is that
youngtreesgrowingat widespacingshavelesscompeti-
tion for siteresourcesandthusproducemorephotosyn-
thateanddenserearlywoodthantreesat closerspacing.
As the stands develop, specific gravity becomesmore
stronglyinfluencedby theproportionsof earlywoodand
latewoodtissuesproduced.Wider-spacedtreestend to
producelargerpercentagesofearlywood,thus,thetrends
reverse.

Figure 6.— Influence of spacing on percent latewood at breast
height of loblolly pine planted in the Piedmont of South Car-
olina.

Spacinginfluencedbothspecific gravity andpercent
latewoodof maturewood (Figs.4 to 7).However,statist-
ical analysisindicatesthat the only statisticallysignif-
icantdifferenceoccurredin slashpinematurewoodspe-
cific gravity betweenthe 6- by 6-foot and15- by 15-foot
spacings(Table2). The persistentcrownsof slash pine
plantedat 15- by 15-foot spacingand of loblolly pine
plantedat 12- by 12-foot spacingdelayedthe transition
from earlywoodto latewoodduring thegrowing season
at the height levels sampled.Thus,treesat the wider
spacingcontainedless latewoodon a percentagebasis
and lower specific gravity.

Severalstudiesin theliteratureindicatethattheperi-
od ofjuvenility in slashandloblolly pine differ — loblolly
pinebetween9 and12 years,andslashpinefrom 6 to 8
years(8,13,16).The resultsof our study show that the
periodof juvenility of slash and loblolly pine is lessin-
fluencedby inherentspeciesdifferencesthanby environ-
mental differencesassociatedwith geographiclocation.
Whenthesespeciesaregrownin thesameor neighboring
plantations,they display the samejuvenility pattern
whenmeasuredby wood specific gravity changes.
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Figure 7 showsspecificgravity trendsfor thetwo spe-
cies at four different locations rangingfrom the Pied-
montof SouthCarolinato theGulf CoastalPlainofFlor-
ida. At eachlocation,thepatternofjuvenility is similar
for bothspecies.In thePiedmontof SouthCarolina,both
speciesproducedjuvenilewoodfor thefirst 14 ringsfrom
pith; for 10 yearsin the CoastalPlain of Georgiaand
SouthCarolina;andfor 6 yearsin theGulfCoastalPlain
of Florida.

Theanalysisof varianceshowedthatacrosslocations
therewasno significantdifferencein juvenilewood,ma-
turewood,or all woodweightedspecificgravity between
thetwo species.Acrosslocations,combinedjuvenileand
maturewoodweightedspecificgravity averaged0.54for
slashpine and0.53 for loblolly pine. Loblolly andslash

2 4 6 8 10 12 14 16 18 20
RINGS FROM PITH
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Figure 7. — Comparison of ring specific gravity for slash and
loblolly pine growing together at four different locations.

pinespecificgravity of all wooddid notvarysignificantly
whenthetwo speciesweregrowingtogetheronthePied-
mont of South Carolina,or the CoastalPlain of South
Carolina and Georgia(Table 3). However, in the Gulf
CoastalPlain of Florida the specific gravity of juvenile
wood andall wood combinedof slashpine growingwas
significantly higherthan that of loblolly pine.Loblolly
at this location is outsideits natural range.

Theinfluenceof geographiclocationonlengthofjuv-
enility andwood specific gravity in loblolly andslash
pinesis shownin Figure8. Theplots of loblolly specific
gravity overringsfrom pith showtwo groupsof curves—

one for the Piedmontlocationsandone for theCoastal
Plain locations.As a group,loblolly pinesampledin the
CoastalPlain producedjuvenile wood for thefirst 6 to
10ringswhile loblolly pinesampledin thePiedmontpro-
ducedjuvenile wood for aboutthe first 10 to 14 rings.

Thelengthofjuvenility of slashpinealsovariedwith
geographiclocation (Fig. 8). In thesedata,the distinc-
tions betweenlocationsareclearer.In Florida, slash
pine producedjuvenile wood for the first 6 years,for
10 to 12 yearsin the CoastalPlain of South Carolina
andGeorgia,andfor 14 yearsin thePiedmontof South
Carolina.

TABLE 2.— Effect ofspacingon weightedspecificgravityat breastheight
of labIally and slashpine juvenile wood, mature wood, and all wood.

Weighted specific gravity

Spacing Juvenile wood Mature wood All wood combined

(ft.)
Piedmont labially pine
6hy6 .42Aa .55A .46A
ShyS .43A .56A .46A
lObylO .44A .55A .47A
12hy12 .43A .54A .47A

UpperCoastalPlain slashpine
6by6 .45A .63A .51A
8by5 .46A .62AB .52A
lObylO .49A .62AB .54A
15by15 .SOA .60B .54A
aValueswith the samecapital letter do notdiffer significantly at the 0.05

level accordingto Duncan’sMultiple-RangeTeat.

TABLE 3.— Comparisonoflengthofjuvenility and weightedwood specific
gravityat breastheight for Loblolly and slashpinegrowing togetherat four

locationsin the Southeast.

Weighted specific gravity

Speciesand Annual rings ,Juvenile Mature All wood
location in juvenile zone wood wood combined

(no.)
South Carolina Piedmont

LabIally pine 14 .44 AC .53 A .47 A
Slashpine 14 .45 A .54 A .48 A

South Carolina Coastal Plain
Loblolly pine 10 .49 A .57 A .55 A
Slashpine 10 .49 A .57 A .54 A

Georgia Coastal Plain
LabIally pine 10 .47 A .60 A .54 A
Slash pine 10 .49 A .61 A .55 A

Florida Coastal Plain
LabIally pine 6 .45 A .58 A .54 A
Slash 6 .47B .60A .57B

Within a location, valueswith the samecapital letter do not vary signif-
icantly at the 0.05 level according to Duncan’s Multiple-Range Test.
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Figure 8. — Influence of geographic location on ring specific
gravity and length of juvenility for loblolly and slash pine.
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Three factorsthat caninfluencethe proportion of
treebasalareain juvenilewood atharvestarethe: 1)age
of thetreeat harvest;2)geographiclocationwherethe
treeis growing; and3) annualgrowth rateof thetree,
The influence of tree ageand geographiclocation on
proportionof basalareain juvenile wood is illustrated
in Figure 9. As a treegrowsolder theproportionof its
basalareain juvenilewooddecreases.After age6, trees
growingin the Gulf CoastalPlain haveproportionally
less basalareain juvenile wood at breastheight than
treesin theAtlantic CoastalPlain andthe Piedmont.

Treesproducinglargeannualincrementsafter con-
vertingto maturewoodwill containproportionallyless
basalareain juvenile wood than slowergrowing trees.
Thisis illustratedwith theslashpinespacingstudydata.
Slashpineplantedat thewiderspacingsgrewfasterand
producedaccumulativelymore basalareathan those
plantedat closespacing(Fig. 10). Whencomparingper-
centbasalareain juvenile wood by spacing,the wider
spaced,fastergrowingtreescontainedproportionally less
basalareain juvenile wood (Fig. 11).

Sunimaryand discussion

Resultsof this studyshowthat thelength ofjuvenil-
ity ofslashandloblolly pineis notsignificantly influenced
by initial plantingdensityin unthinnedplantations.Lob-
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Figure 10.— Influence of spacing on average annual tree ba-
sal area growth at breast height of slash pine in the Upper
Coastal Plain of Georgia.
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Figure 11. — Influence of spacing and age on proportion of
tree basal area in juvenile wood of slash pine planted in the
Upper Coastal Plain of Georgia.
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lolly pine plantingat spacingsrangingfrom 6 by 6 feet
to 12 by 12 feet,andslashpineplantedatspacingsrang-
ing from 6 by 6 to 15 by 15 feet hadsimilar juvenile!
mature wood patternsamongall spacingtreatments.
Only the mature wood specific gravity of slash pine
plantedat 15by 15 feetwassignificantly lowerthanthat
of slashpine plantedat 6 by 6 feet.

Loblolly andslashpinegrowingin thesameor neigh-
boringplantationat four geographiclocationsdisplayed
the samejuvenile patternswithin locations.Reported
differencesin length of thejuvenile periodin thesespe-
cies is largely dueto geographicdifferences,notspecies
differences.

The lengthof thejuvenileperiodofslashandloblolly
pine in the Southeastdecreasedgeographicallyfrom
north to south.In loblolly andslashpine, the periodof
juvenile wood formationdecreasedfrom 14 yearsin the
Piedmontto 6 yearsin the Gulf CoastalPlain.

Thevariationin length ofjuvenility withgeographic
location appearsto be relatedto the climatic factorsof
temperature(lengthof growingseason)andseasonalrain-
fall patterns.Zahner(19) hypothesizedthat whensoil
moisture is plentiful, cell division and maturationare
rapid andthereis severecompetitionfor carbohydrates
andauxinsamongnewly formedcells.Underthesecondi-
tions the cambium is betterable to competefor these
materialsthanmaturingtracheids.Thus,thematuring
tracheidsdie andbecomepart of the earlywood.When
soil moistureisscarce(moisturestresshigh),cambialac-
tivity is reduced,maturingtracheidscancompetemore
successfullyfor availablecarbohydrates,wall thickening
occurs,and latewoodis produced.

Cregg et al. (4) observedthat the transition from
earlywoodto latewoodoccurredI monthearlierin ayear
of low rainfall andhighspringevaporativedemandthan
in ayearof low evaporativedemandandhigh rainfall.
Thus, in the CoastalPlain the transition from early-
wood to latewoodprobably occursearlier than in the
Piedmontbecauseof the earlierarrival of hottersum-
mer weather.However, the CoastalPlain continuesto
receivemoisturesufficient for latewoodproduction in
the form of afternoonshowers,In the Piedmont,how-
ever,moistureoftenbecomesa limiting factor because
of fewer afternoonshowersandlatewoodproductionnot
only starts later in the growing seasonbut also stops
soonerbecauseof severemoisture stress.

Thisstudy showsthat althoughthejuvenile period
,is notaltered,plantingdensitycanbe usedto influence
thesizeofthejuvenilecoreby controllingradial growth.
By plantingclose(8 by 8 ft.) andthinning afterthetrees
areproducingmaturewood at the 1- or 1-1/2-logheight
level,resourcemanagerscanminimize thediameterof
thejuvenilecore.Managerscanalsoreducethepropor-
tion ofjuvenilewoodharvestedby lengtheningrotation
age.
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